Weakness or paralysis of the hand is a major impairment that limits independent living, and is a common symptom of various neurological injuries or medical conditions [1, 2] . Neuromuscular electrical stimulation (NMES) is often used as a rehabilitative tool to help increase muscle mass and promote muscle strength [3] [4] [5] . A subset of NMES, functional electrical stimulation (FES), aims to actively augment desired movements via stimulation of muscles involved in a specific function (e.g. foot drop). Despite the potential benefits, one of the major drawbacks of NMES is the rapid onset of fatigue in the stimulated muscles, which can limit the scope of clinical applications [6] .
Introduction
Peripheral origins of this inability to sustain a constant level of force typically involve the neuromuscular junction and metabolite accumulation in the muscles [7, 8] , whereas central origins of the declining force involve synaptic changes in the spinal cord and decreased cortical activation from the brain [9] . Muscle fatigue caused by electrical stimulation is considered to be primarily of peripheral origin due to the high-frequency, synchronized activation of motor units (MU) in a non-physiological order [10] . In voluntary muscle contraction, MUs typically fire asynchronously at lower rates and are recruited in an orderly fashion; smaller fatigue-resistant motor units are activated first at low force levels [11] . However, electrical stimulation causes non-physiological (randomized or reverse order) activation of the motor units in that fatigable MUs are likely to be active early, leading to an unsustainable force output [12, 13] .
Different methods that can reduce NMES fatigue have been investigated in order to improve the long-term efficacy of NMES. For example, the tuning of various stimulation parameters (current amplitude, frequency, and pulse width) that can delay fatigue has been investigated [14] [15] [16] [17] . Another approach is to have dispersed stimulation locations involving spatially and/or temporally distributed stimulation across multiple electrodes over the muscle belly [18] [19] [20] . This approach can alternate the activation of different groups of motor axons, which can alleviate the repeated load on recruited motor units and therefore delay fatigue onset. In addition to targeting the motor points or distal nerve branches, stimulation of the nerve bundle can also potentially reduce muscle fatigability. Bergquist and colleagues have shown that stimulation over the nerve trunk can increase activations of central pathways, such as through afferent reflex loops, which could recruit MUs in a more physiological manner, reducing fatigability [21, [21] [22] [23] . However, the nerve bundle stimulation also tends to non-specifically activate a number of muscles innervated by the axons in the bundle, and the level of force from reflex activation is also limited [22] . Previously, we have explored the feasibility of activating a particular muscle or a muscle compartment by delivering precisely controlled current to the nerve bundle. A variety of different finger grasp patterns can be elicited through the transcutaneous stimulation of the median and ulnar nerves proximal to the elbow near the biceps brachii [24] . Using a stimulation grid to target the nerve bundles, selective activation of different muscles and grasp patterns have also been observed [25] .
However, the fatigability of the muscle activation using closely spaced electrodes targeting the nerve bundles is still not clear. In our current study, we sought to quantify the fatigue time course from our novel nerve stimulation method, in comparison with traditional motor point stimulation. Specifically, we investigated the force and EMG changes over a sustained 5 min stimulation. We hypothesized that the proximal nerve stimulation can lead to a rate of fatigue slower than that of the direct motor point stimulation. Our results show that stimulation of the nerve bundle led to a slower decline in both force and EMG over time, which was potentially due to a more spatially distributed activation of muscle fibers. These findings support the potential benefits of proximal nerve stimulation as an alternative to traditional NMES methods for use in rehabilitation and assistive techniques.
Methods

Subjects
This study recruited eight control subjects (six male, two female, 20-34 years of age) without any known neuromuscular dis orders. Each subject received electrical stimulation transcutaneously, and the resultant muscle response was recorded via electromyography (EMG) electrodes and force transducers. All subjects gave informed consent with protocols approved by the Institutional Review Board of the University of North Carolina at Chapel Hill.
Experimental setup
Prior to any setup, subjects were asked to clean the anterior skin surface of their right arm and palm with NuPrep abrasive gel (Weaver and Co.) in preparation for electrode placement. Upon use of the abrasive gel, all remaining pumice was also removed using standard alcohol wipes. In addition to the hand and forearm, the medial side of the upper arm was also cleaned with alcohol wipes.
Stimulation generation and electrode setup. In order to compare the difference in rate of fatigue between proximal nerve and motor point stimulation, two separate sets of stimulation electrodes were placed on the subject's arm. A 2 × 8 grid of round gel electrodes with 1 cm diameter (Kendall H59P Cloth Electrodes, Covidien-Medtronic Inc.) was attached beneath the short head of the biceps brachii (bulge of the biceps muscle) for the transcutaneous proximal nerve stimulation ( figure  1(B) ). The grid was placed at a location where the median and ulnar nerves are superficially accessible. Each of the grid electrodes was then connected to the columns of a switch matrix (34904A, Agilent Technologies), the rows of which were then connected to the cathode and anode of a stimulator. The stimulator could deliver electrical stimulation through the switch matrix to any pair of electrodes. For the transcutaneous motor point stimulation, a single pair of 2 × 3 cm cloth gel electrodes (Kendall H59P Cloth Electrodes, Covidien-Medtronic Inc.) was placed over the proximal compartment of the finger flexors. The location of the electrode pairs was fine-tuned, such that the largest muscle contraction force was obtained with a given current stimulus. Constant pressure was applied to both electrode configurations with a custom-made clamp to ensure a consistent relative positioning of the electrodes to the underlying nerve bundles or to the muscle belly. All electrical stimulation was delivered by a multi-channel programmable stimulator (STG4008, Multichannel Systems). The stimulator was controlled using a custom-made MATLAB (v2016b, MathWorks Inc.) user interface, which could generate stimulation trains with adjustable current amplitude, pulse width, pulse rate, and stimulation duration. The stimulator operated at a current range of ±16 mA (2 μA resolution) and a temporal resolution of 20 μs. A pulse width of 500 μs and a pulse rate/frequency of 25 pps was used across all the subjects. A stimulation rate of 25 pps was selected to mimic the average motor unit discharge rates during voluntary muscle activations [26, 27] , and similar rates have been used widely in other electrical stimulation studies [28, 29] .
Finger force measurement. To measure individual finger forces elicited from the stimulation, the subject's right hand was placed against a set of four force transducers (SM-200N, Interface Inc.), one for each of the fingers ( figure 1(A) ). These transducers were secured to a machined aluminum frame, positioned one above another with the transducing elements facing away from the frame. The frame was secured to the workbench to ensure complete translation of finger flexion forces to the transducers. Custom 3D printed cradles designed to fit on the load cells secured the phalanges in a straight and comfortable position during stimulation. The wrist was at neutral position at a 0° flexion-extension and pronation-supination angle. The load cell position was adjusted to comfortably cradle the fingers, which were then secured above each interphalangeal joint to their corresponding transducers using 1 cm wide Velcro straps. To prevent the wrist from applying force to the load cells, the palm and wrist were restricted between Styrofoam-covered wooden blocks, which were in turn secured to the table with industrial-grade Velcro. The force signals were amplified individually and then recorded through a USB-6225 Multichannel Data Acquisition System (National Instruments Inc.) using a custom MATLAB user interface and sampled at 1000 Hz. The real-time force signal could be monitored by the experimenter throughout the experiment.
High-density EMG acquisition. In addition to the finger load cells, high-density electromyography (HDEMG) electrodes (OTBioelettronica) were used to assess the electrophysiological muscle response to stimulations. HDEMG was selected over more traditional EMG recording methods so that both the temporal and spatial distribution of EMG activity across a wide area could be quantified. The electrode grid also allowed us to capture any potential activity of the small intrinsic muscles. Specifically, the intrinsic hand muscle activity was detected by a 4 × 8 HDEMG electrode grid secured to the right palm, and extrinsic hand muscle activity was detected by an 8 × 8 HDEMG electrode grid secured to forearm over the finger flexors ( figure 1(A) ). Both HDEMG grids had a 10 mm inter-electrode spacing. The EMG signals were amplified with a gain of 500 and a bandwidth of 10-900 Hz (EMG USB2+, OTBioelettronica), and the data was sampled at 2048 Hz.
Experimental procedure
Initial force matching. After the experimental setup, the maximum motor point force response obtainable through stimulation was acquired by increasing the stimulation current in steps of 0.5 mA until no further noticeable increase in peak force output could be seen or the maximum current of the stimulator (16 mA) was reached. Due to the limitations of motor point electrical stimulation and our stimulator maximum current, it was unlikely that this force represented the maximum force generation capacity of the muscle, but something more akin to the false plateaus seen in the study by Buckmire et al [20] . The four-finger sum of this maximum stimulated force and current level was recorded. This identified current was then used later for the fatigue trials. The proximal nerve stimulation grid was used to find a pair of electrodes which could elicit a force matched to the maximum motor point stimulated force. Activating different pairs of electrodes along the grid stimulated different portions of the nerve fibers. Therefore, sequentially stimulating different pairs of electrodes led to a rapid survey of the nerve-stimulated finger movements, allowing the experimenter to quickly find electrode pairs that elicited a desired response. Through this initial search, the experimenter attempted to best match the summed four-finger force of the proximal nerve stimulation with that of the previously recorded maximum force of the motor point stimulation. The initial force matching was accomplished by modifying the input current. The current was adjusted at first in coarse steps of 0.5 mA and then in finer steps of 0.1 mA until the measured peak force sum matched the recorded maximum from motor point stimulation. This current level was recorded and used throughout all of the subsequent proximal nerve fatigue trials.
Fatigue stimulation. After determining the current levels from the two stimulation protocols with matched force outputs, fatigue trials were setup in order to elicit continuous muscle contractions for 5 min. Each 5 min stimulation constituted one trial, and a constant stimulation train of 500 μs biphasic pulses at 25 pps was used for all trials. The continuous 5 min stimulation was used to mimic a standard voluntary fatigue task which involves prolonged contractions at set force levels to task failure. Additionally, the 5 min duration was chosen based on our preliminary testing which suggested that the majority of the force decline occurred within this time period when stimulating constantly, and therefore was deemed sufficient to induce minimal force generation by the end of the stimulation. The current amplitude depended on the previously identified level for each protocol. The subject was given 5 min of rest between each trial to allow the muscles to recover from the induced fatigue. A total of six trials were conducted for each subject-three trials for both motor point and proximal nerve stimulation. The first stimulation method was selected at random, and then the two methods were alternated after the rest periods. The four-finger force and HDEMG activity were both recorded throughout this duration and synchronized with the stimulation output.
Data processing. The force data from all trials were smoothed using a sliding window average of 1 s with a sliding step of 1 ms over the entire 5 min trial. The average peak force of each trial was obtained by first averaging the 4 finger forces together and then obtaining the maximum value achieved for that trial. For the HDEMG, each of the 96 channels (32 Hand + 64 Arm) was visually inspected for any non-functioning or high-noise channels. These were marked and excluded from further analysis. The signals from the remaining EMG channels were segmented at each individual stimulation time in order to obtain the individual compound muscle action potential (CMAP) across the trial. As the exact timing of each stimulation was known, this information was used to separate the entire 5 min (300 s) of EMG into 7500 separate segments of 40 ms each (1/pulse rate) corresponding to each stimulation pulse. The CMAP was extracted from the 5-30 ms after each stimulation for each segment. A representative example of these CMAPs across the hand and arm EMG arrays is shown in figure 2 .
For each CMAP, the area-under-the-curve (AUC) was calculated as a measure of activity induced at each EMG channel with each stimulation. For a continuous function, the AUC would be the integral of the absolute CMAP over time as shown in equation (1)
These AUC values were then arranged into a matrix which corresponded to the spatial orientation of the HDEMG array (row i and column j). Figure 3 shows a sample of the AUC values at different time points from both stimulation methods. A total estimate of the EMG activity across each m × n HDEMG grid was then calculated by taking the 2D discrete integral of the AUC values (equation (2)), which was equivalent to a volume estimation in the 2D map, considering the AUC as a third dimension Lastly, a value that represents the coverage area of the EMG Activity was obtained by dividing the AUC Volume by the maximum AUC value of each grid. Mathematically, this value represents the base area of a cylinder with equal volume and height to the calculated AUC Volume.
Data analysis. Despite the 5 min rest between each trial, the motor point stimulation showed a chronic decline of the peak force level after the first trial, and was no longer matched in force level with the nerve stimulation. Additionally, in two subjects, no force was generated in the second and third motor point stimulation trials, and the trials themselves were ended early and no further data were obtained. Therefore, only the first stimulation trial with matched initial forces was used to compare the force decline between the two types of stimulations. The force and EMG data were fit to an exponential decay function with offset (equation (3)) and the fit parameters were extracted to describe the overall fatigue-related declines
For proper fitting, only the data following the initial peak force was used. A paired t-test was used to compare the peak forces and the decay rates (τ) between the two stimulation approaches. Additionally, values at each minute following the peak were used to compare the overall time course of the force decay between the two conditions. Paired t-tests were also used to compare the normalized forces at each time interval. An α value of 0.05 was used for all tests of statistical significance.
Results
Initial force comparison
For a fair comparison, the initial forces needed to be matched between the two stimulation approaches. Figure 4(A) shows the individual peak forces for each subject. Blue bars indicate the forces from the motor point stimulation, and the red bars represent the proximal nerve stimulation. To evaluate the peak force levels, a statistical comparison of the two stimulation conditions showed that there was no significant difference between the two stimulation approaches (p = 0.4279). The summary of the current amplitudes used for each mode of stimulation are shown in figure 4(C). The averaged current amplitude used across all the subjects for the motor point stimulation was 15.25 ± 1.17 mA (Mean ± Standard Deviation), whereas the current used for the nerve stimulation was 5.33 ± 1.66 mA. It is important to highlight that the average current used for the nerve stimulation was roughly a third of the motor point stimulation.
The initial peak forces across trials between the two stimulation approaches are shown in figure 4(B) . Each set of trials was normalized based on the first trial for each subject. The normalized peak forces were averaged across the subjects to obtain the single mean and standard errors shown. The motor point stimulation showed a clear decrease in force after the second and third trials, indicating a sustained fatigue effect, whereas the initial peak forces with nerve stimulation mostly remained consistent. The long-lasting effects shown in the motor point stimulation did not seem to impact the force generation capabilities of the proximal nerve stimulation.
Distribution of HDEMG activity
After the 2D integration of the AUC across the HDEMG array was calculated, the initial Peak EMG volume at the beginning of the stimulation for each trial was used to estimate the overall activity in both the Hand and Arm EMG electrode arrays. Separate activity between the two arrays was displayed as an overlaid histogram in order to quantify the distribution of muscle activity between the motor point and proximal nerve stimulations ( figure 5(A) ). The data were compiled from all the trials across all the subjects.
The overlaid HDEMG activity histograms in the arm showed relatively similar ranges of activation, but the hand HDEMG histogram revealed an increased distribution of activity in the proximal nerve stimulation. A two-sample Kolmogorov-Smirnov Test was used to evaluate whether the ranges of activity were significantly different. The arm HDEMG activity showed no significant difference (p = 0.88), but the hand HDEMG showed a significant difference in the distributions (p = 0.000 97). The distribution comparison provided insight into the ability of the nerve stimulation to induce EMG activity in both the arm (extrinsic) and the hand (intrinsic) muscles. The motor point stimulation was much more localized to the stimulation sites, as expected. As another estimate of the spread of the EMG activity, the EMG Area Coverage was calculated as the area of the base of a cylinder of equal AUC Volume and height. Again, the overlaid histograms in figure 5(B) showed that the nerve stimulation trials had a more rightward distribution of the base area estimate, which suggested that the EMG evoked by the nerve stimulation had a wider base area, and therefore was present across more channels on the HDEMG grid. The results suggested that the nerve stimulation evoked EMG activity across more channels in the HDEMG grid. A two-sample Kolmogorov-Smirnov test showed a significant difference (p = 0.034) between the nerve and motor point Area Coverage distributions.
Fatigue assessment based on force and HDEMG
The overall force profile over the 5 min trials was fit to an exponential decay function to quantify the rate of decline of the force over time. of the force decay between the two stimulation approaches. The solid colored lines are the smoothed force data, and the dotted lines are their exponential fits. Figure 6 (B) shows the individual force decay rates (τ) for each subject and stimulation approach. A larger decay rate indicates a faster decline of the force value. In all but one subject (S6), the forces from the motor point stimulation had a larger magnitude of decay rates than those of the nerve stimulation. In Subject 3, this difference in magnitude was relatively smaller than others. The decay rates of each of the exponential fits of all the subjects were evaluated using a paired t-test, between the motor point and nerve stimulation. The force decay rates were significantly higher (p = 0.0114) in the motor point stimulation (−20.4 ± 1.1 (s −1 × 10 −3 ), Mean ± SE) compared with the nerve stimulation (−12.1 ± 2.5 (s −1 × 10 −3 ), Mean ± SE). Similarly, the overall HDEMG activity in the arm pad over time was compared between both stimulation methods. The HDEMG in the hand was not further analyzed, because the HDEMG activity in the hand was limited with the motor point stimulation, as mentioned previously. In general, the HDEMG activity showed a different falling time course as the force fatigue ( figure 6(C) ). All the subjects showed a faster decline in the arm pad EMG activity through the motor point stimulation over the nerve stimulation ( figure 6(D) ). Notably, subjects 2, 5, and 6 showed much larger differences in EMG decay rate than in the other subjects. The HDEMG decay rates, similar to the force decay rates, also showed a significant increase (p = 0.0140) in the motor point stimulation (−4.33 ± 0.76
), Mean ± SE) compared with the nerve stimulation (−1.96 ± 0.41 (s −1 × 10 −2 )). As a further analysis of the origin of the variability in the decay rates, Pearson's correlation coefficients were calculated between decay rate magnitudes and the peak force or coverage area. The peak force value and the force decay rate magnitude had weak inverse correlations for both the motor point (−0.318) and the nerve (0.381) stimulations, while the coverage area showed no correlation with the decay rates for either the motor point (0.076) or the nerve (−0.007) stimulations. The weak correlations indicated that the differences in the initial peak force or the area of EMG activity were not strong predictors of the observed differences in the decay rate, as many other inter-subject variables (such as the differences in thickness of subcutaneous fat or muscle volume) may be at play with regards to the decay rate variability.
Time course of force decline
To further evaluate the differences in force decline at different time points throughout the stimulation, single force values at each minute after the peak force were isolated from each subject for both conditions. For comparison across subjects, these force values were normalized based on the mean peak force from both stimulation conditions of each subject. Figure 7 shows this overall summary of the force decline at five different time points (Peak and four subsequent time instances).
The results showed that the difference between the two conditions was initially large within the first and second minute, and the difference became smaller at 4 min. The paired t-test p-values at each time point were: Peak-0.528, 1 min-0.066, 2 min-0.064, 3 min-0.129, 4 min-0.242. Although none of the time intervals showed statistical significance, the values at both the first and second minute showed larger differences relative to other time points.
Discussion
This study was designed to compare the fatigability of traditional motor point stimulation to our non-invasive proximal nerve stimulation method. For both these methods of sustained electrical stimulation, the overall decay rates in the collected force and HDEMG data were used to quantify the fatigue time course. Overall, our results showed that the proximal nerve stimulation can lead to a slower decline in force and EMG with sustained activation. It was also observed that the nerve stimulation elicited more EMG activity both in the hand and in a wider area of the forearm. These suggest that a potential mechanism of the delayed fatigue is the larger distributed area of muscle activation both within a muscle and across intrinsicextrinsic muscles via the nerve stimulation. These findings highlight the potential benefits of our non-invasive electrical stimulation method for long-term functional electrical stimulation of the hand.
Fatigue and stimulation efficiency
Fatigue is often characterized by the decrease of force output with sustained or repeated contractions [30] . At functionally relevant force levels, traditional electrical stimulation at the motor point may cause rapid onset fatigue for a variety of reasons as described previously [3] . In our current study, in order to emulate a fatiguing contraction, continuous electrical stimulation was delivered to superficial nerves either at a distal location, closer to the motor endplate, or at a more proximal location over the whole nerve bundle. As total force output is also considered a key factor in muscle fatigue, the summated force output of the four fingers were matched as best as possible between the two methods. From this similar starting point, the motor point force and HDEMG decayed faster than the proximal nerve stimulation, which supports our hypothesis that the proximal nerve approach is able to reduce the rate of fatigue in the contracting muscles.
One potential mechanism driving the difference in the fatigue time course between the two stimulation approaches can be found in figure 5 . The proximal nerve stimulation was not only able to stimulate activity in both the arm and hand, but it also appears to generate EMG across a larger area of the underlying muscle. The results indicate that the proximal nerve stimulation is able to activate a broader range of finger flexor muscles, both intrinsic muscles in the hand and varied extrinsic muscles in the forearm. Accordingly, the disparity in the fatigue time course as well as stimulation efficiency could be explained by the differences behind the two separate mechanisms used to generate force. In proximal nerve stimulation, the more spatially dispersed activation of muscle fibers leads to force being generated across multiple muscles, and as the force is distributed across other tensioned muscles and tendons, there may be an additive effect to the final force. However, with the motor point stimulation, only the local, superficial muscle fibers are activated and so only a small subset of the muscle is activated while the remaining parallel muscles remain inactive. Therefore, even though the overall force level was matched, the relative force contrib ution of the stimulated muscles between the two conditions are likely to be different. The lack of spatially distributed muscle activation in the motor point stimulation can also explain the chronic depression of peak force output present in those trials. Although both stimulation methods were given the same 5 min of rest between trials, the set of muscles stimulated via the motor point were not able to recover from the fatigue in the time given. This chronic peripheral fatigue is likely due to an excess accumulation of peripheral metabolites in the muscle caused by the sustained stimulation of a limited area [8] . It is also possible that this effect is aggravated due to decreased blood flow in the local stimulated region, adding to the fatigue and decline of force. The fact that the nerve stimulation trials did not decrease in peak force suggests that different groups of muscle fibers are stimulated with each stimulation method. Overall, we can infer that the difference in the spatially distributed activation of muscles through the proximal nerve stimulation over the motor point stimulation contributes to the reduced rate of muscle fatigue.
The observed differences in spatial muscle activation between the two stimulation approaches in our study largely arise from the anatomical differences in the targeted location of the nerve fibers along the arm. The location of the motor point is a region where the distal branching of the nerve bundle is superficially available for stimulation. Compared to a more proximal section, this portion of the nerve bundle only innervates a limited area of muscle. In the case of traditional NMES at the motor point, the fatigue caused by the non-physiological recruitment of MUs is likely aggravated when combined with such a small area of activation. This problem of rapid fatigue has mainly been approached via attempts to distribute the load across multiple groups or regions of muscle. Various groups have attempted to solve this NMES limitation by utilizing multi-electrode pads and multi-source stimulations [18] [19] [20] . These studies showed that muscle fatigue can by delayed by distributing the stimulations across different areas both temporally and spatially. Even though the stimulation was directly on the muscle, by stimulating multiple portions at different times, the overall load on a single portion of the muscle is reduced. The underlying muscle then has less fatigue burden to recover from, allowing for greater sustained stimulation and functionality. The results of our current study suggest that our proximal nerve stimulation approach is able to achieve a distributed activation of muscles similar to the previous studies referred earlier. However, this is achieved through the natural underlying anatomy of the nerve bundles. The stimulation method used in our study targeted the nerve bundle more proximally, prior to branching into the finger flexors, and it is therefore able to activate more distributed motor axons and hence more muscle fibers.
Another potential mechanism involved in the reduction of force decline through proximal nerve stimulation is a change in the central components of muscle activation from the brain or spinal cord. Previous studies by Bergquist and colleagues [21] showed that the stimulation of the nerve trunk as opposed to the muscle belly is able recruit more central pathways through reflex activation in the triceps surae and quadriceps muscles. A similar principle may be in play in this study, although as we stimulated at high relative currents, the majority of the CMAP responses largely consisted of M-Waves with minimal H-Reflexes. However, this does not preclude the possibility that some afferent stimulation may be activating central pathways in the spinal cord for other asynchronous activation, as shown by Bergquist et al [21] . Excitation of the motoneuron pool through afferent activation would ideally recruit lowthreshold motor units in a physiological order which could also contribute to reduced fatigue caused by the electrical stimulation [31] . In addition to afferent excitation of the motoneuron pool, other central factors could also influence the fatigue rate of electrical stimulation. Pain has been known to cause inhibition of spinal motoneurons [32] and reductions in H-Reflex amplitudes. Although stimulation amplitude was limited so that subjects were below the pain threshold, in general, the higher current involved in motor point stimulation may still trigger nociceptive afferents which cause a reduction in spinal excitability and ultimately reduce the fatiguedelaying effects of any reflex activation. An important future study would be to further investigate the activation of central pathways through reflex activation by adjusting the current intensities when using the proximal nerve stimulation method for hand grasp.
Lastly, our analysis of the force decline at different time points did not show any significant difference at specific times suggesting that the difference seen in the overall decay rate is a more compound effect across the whole stimulation period. However, the lower relative p-values from the paired t-tests at 1 and 2 min after the peak force may suggest that the rate of decline of force is more important earlier between the two conditions, whereas as the differences in fatigability wash out after a prolonged time. This is largely expected because task failure can arise eventually after sustained contractions, regardless of the types of muscle activations (including voluntary muscle activation). Further investigation into the total amount force decline and loss of force generation capacity itself may help to better understand the different mechanisms at play.
Aside from the differences in force decline, another distinction between the two stimulation conditions is the significantly lower stimulation current used in the proximal nerve stimulation. This difference suggests that the nerve stimulation method itself is more efficient (Force per Current) in producing a set level of forces. The different efficiency can arise from the different levels of accessibility of the nerve axons between the two stimulation techniques. For the nerve stimulation at the proximal nerve bundle, a majority of the axons innervating the extrinsic and intrinsic finger muscles can be readily activated transcutaneously, given that the ulnar and median nerves are superficial to the skin. By delivering electrical current to different pairs of electrodes in the grid, different axons in the bundle can be activated. In contrast, with the electrodes placed at the muscle belly, the motor point stimulation targets the distal branches superficial to the skin. In order to access the deeper nerve branches in the muscle, a higher current is typically required. The higher stimulation efficiency is beneficial from several practical aspects, such as reducing user discomfort/pain and allowing a more compact stimulator with a smaller battery.
Limitations
A limitation in the current study was the concurrent use of the HDEMG array and motor point stimulation. As the EMG electrode was over the bulk of the muscles in question, the motor point stimulation may not have been in the ideal position to generate the most force. This was addressed by using the maximum force obtained from the motor point stimulation as the desired force level for the nerve stimulation. Even though the total force may not have been the maximum possible, the comparison still lends insight into the relative differences in fatigue between the two stimulation methods. A related consideration was the usage of the absolute force of the motor point stimulation to match both stimulation methods, rather than using a percentage of each subject's maximum voluntary contraction (MVC). This experimental decision was made because the relative amount of force which could be generated through electrical stimulation varied greatly between subjects. An arbitrary choice of matched %MVC would not only have been difficult to achieve in all subjects but would also increase the setup time in tuning both stimulation methods. Another limitation of this study is the difference between our chosen continuous fatigue procedure, and the more common usages of therapeutic NMES, where stimulation is delivered in shorter intermittent bouts. Although not representative of typical NMES use, the 5 min of continuous stimulation was used to induce a more differentiable effect of the decline in force, while also being able to track the time course of this decline throughout the stimulation period. Lastly, our results showed that distinct sets of muscles were recruited in the two stimulation approaches as the long-lasting decline in force generation did not show in the alternated conditions. Although unlikely, it is still possible that muscle fibers recruited in the motor point stimulation had a higher proportion of fast-fatigable motor units compared with the nerve stimulation condition, which could potentially bias the fatigue time course.
Conclusions
This study compared the sustained application of two stimulation methods and their sustained force generation capabilities. Our results suggest that proximal nerve stimulation may lead to a slower rate of fatigue in finger flexion, and therefore may help overcome some of the major drawbacks of functional electrical stimulation. The outcomes have critical implications for clinical applications. It is known that individuals with neuromuscular disorders tend to show early fatigue onset leading to muscle weakness when compared with intact individuals [33] , and our nerve stimulation technique with a slower fatigue time course can potentially promote wide clinical applications. Moving forward, further development of the electrode grid and a better understanding of the types of movements readily available will improve the feasibility of our stimulation method as a rehabilitative electrical stimulation system.
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